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Summary. Patch-clamp techniques were used to study the per- 
meability to ions of an ATP-sensitive channel in membranes 
from the pancreatic B-cell line (RINm5F). With patches in the 
outside-out configuration, the I -V curves for different Na--K + 
mixtures in the bath and 140 mM K § in the pipette were almost 
linear, and crossed the zero-current axis at voltages that indi- 
cated a variable permeability ratio. When K + was added sym- 
metrically, the plot of the conductance vs. K + activity exhibited 
saturation, with a Gmax of about 160 pS and a half-maximal activ- 
ity of 216 raM. The/-V behavior for different K+-Na + mixtures in 
the bath could be accurately described with a model based on 
Eyring theory, assuming two sites and one-ion occupancy. For 
K +, the dissociation constants (/~K) of the two sites were 290 and 
850 raM, the lower value pertaining to the site close to the intra- 
cellular medium. In experiments with inside-out patches, both 
Na + and Mg 2+, when present in the bath, induced a voltage- 
dependent block of the outward current. Fitting the data with the 
model suggested that for these ions only one of the two sites 
binds significantly, the corresponding dissociation constants be- 
ing (raM): 46 for Na + and 34 for Mg 2-. Blocking by Na + and Mg 2§ 
may account for the low outward current seen in intact cells. 
This hypothesis is consistent with the observation that such cur- 
rent is further reduced by addition of 2,4-DNP, since metabolism 
inhibitors are expected to lower the ATP level, thereby liberating 
Mg 2- from the Mg2+-ATP complex, as well as inducing accumu- 
lation of Na § by decreasing the rate of the Na+-K + pump. 
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Introduction 

C e l l - a t t a c h e d  p a t c h e s  o f  p a n c r e a t i c  B-ce l l  mem-  
b r a n e s  f rom adu l t  r a t s ,  as well  as  f rom the  insul in-  
o m a  cel l  l ine R I N m 5 F ,  have  a K - s e l e c t i v e  p o r e  tha t  
is c l o s e d  by  g lucose  (Ashc ro f t ,  H a r r i s o n  & 
A s h c r o f t ,  1984; R o s m a n  & Trube ,  1985; Mis l e r  et  
a l . ,  1986; R i b a l e t  & Cian i ,  1987). This  g lucose - sen -  
s i t ive  K channe l  was  ident i f ied ,  in e x c i s e d  pa t ches ,  
wi th  a channe l  tha t  has  s imi la r  c o n d u c t i v e  and  ki- 
ne t ic  p r o p e r t i e s  and  is b l o c k e d  b y  add i t i on  o f  A T P  

to the  i n t r ace l l u l a r  m e d i u m  ( C o o k  & Ha les ,  1984; 
F i n d l a y ,  D u n n e  & P e t e r s e n ,  1985; R o r s m a n  & 
Trube ,  1985; Mis l e r  e t  a l . ,  1986; R iba le t  & Ciani ,  
1987). A s imi la r  A T P - s e n s i t i v e  channe l  has a lso  
b e e n  found  in c a r d i a c  ( N o m a ,  1983) and ske le ta l  
m u s c l e  (Sp ruce ,  S t a n d e n  & Stanf ie ld ,  1985). Al-  
t hough  its f unc t ion  in all t hese  t i s sues  is not  unde r -  
s tood  c o m p l e t e l y ,  inh ib i t ion  o f  channe l  ac t iv i ty  in 
p a n c r e a t i c  B-ce l l s  b y  s u b t h r e s h o l d  leve ls  of  g lucose  
is s t rong ly  sugges t ive  o f  its be ing  r e s p o n s i b l e  for  the  
init ial  d e p o l a r i z a t i o n  and  the  d e c r e a s e  in p o t a s s i u m  
p e r m e a b i l i t y  o b s e r v e d  in t h e s e  cel ls  wi th  mic roe l ec -  
t r o d e s  u n d e r  s imi la r  c ond i t i ons  ( A t w a t e r ,  R iba l e t  & 
Ro jas ,  1978). 

Us ing  m e m b r a n e  p a t c h e s  f rom the R I N m 5 F  cell  
l ine,  we  h a v e  c h a r a c t e r i z e d  s o m e  e lec t r i ca l  p rope r -  
t ies  o f  the  A T P - s e n s i t i v e  channe l  in the  p r e s e n c e  of  
the  p h y s i o l o g i c a l l y  r e l e v a n t  ca t ions :  K +, N a  +, 
Mg 2+. B e s i d e s  g iv ing  bas i c  i n fo rma t ion  abou t  the  
b i o p h y s i c a l  c h a r a c t e r i s t i c s  o f  this  channe l ,  t hese  
s tud ies  will  he lp  a n s w e r  the  fo l lowing  ques t ions :  
W h a t  c a u s e s  the  rec t i f i ca t ion ,  e v e n  when  the chan-  
nel  is i n t e r p o s e d  b e t w e e n  s y m m e t r i c a l  K+?  Is this  
r ec t i f i ca t ion  s imi la r  to tha t  o f  the  " i n w a r d  rec t i -  
f i e r " ?  Is the  c ha nne l  c a p a b l e  9 f c a r ry ing  s ignif icant  
o u t w a r d  c u r r e n t  in p h y s i o l o g i c a l  g rad ien t s  o f  K § as  
would  be  e x p e c t e d  if it  r egu la t e s  t h e  m e m b r a n e  po-  
ten t ia l  at  r e s t ?  

I m p o r t a n t  p e r m e a b i l i t y  s tudies  o f  the  A T P - s e n -  
s i t ive  c ha nne l  in hea r t ,  ske le ta l  musc le ,  as wel l  as 
in p a n c r e a t i c  B-ce l l s  have  b e e n  r e p o r t e d  a l r e a d y  
( K a k e i ,  N o m a  & Sh iba sa k i ,  1985; F i n d l a y ,  1987; 
H o r i e ,  I r i s a w a  & N o m a ,  1987; S p r u c e  et  al . ,  1987). 
The  ma in  o b j e c t i v e  o f  this  p a p e r  is to p r o v i d e  a 
c h a r a c t e r i z a t i o n  o f  the  I - V  r e l a t i onsh ips  in e xc i s ed  
p a t c h e s  tha t  is suff ic ient ly  de t a i l ed  to a l low a de-  
sc r ip t ion  o f  the  d a t a  in t e rms  o f  a s imple  mode l ,  as  
well  as  to  use  th is  m o d e l  in the  a t t e m p t  to i n t e rp re t  
o b s e r v a t i o n s  o f  b io log ica l  i n t e re s t  in in tac t  cel ls .  
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Materials and Methods 

CELL CULTURE 

B-cells from the insulin-secreting cell line RINm5F, incubated in 
RPMI 1640 media supplemented with 10% fetal calf serum, 0.5% 
penicillin and 0.5% streptomycin, were kept in an atmosphere of 
5% CO2 and 95% air at a temperature of 37~ The cells were 
divided once a week by treatment with trypsin, and the medium 
was changed twice between divisions. 

RECORDING METHODS 

suming that the ionic diffusion coefficients in the gel are the same 
as in water. Once the patch was formed and the fluid in the bath 
eventually exchanged, the applied potentials (pipette potentials) 
were corrected for the difference between the junction potential 
calculated in the new condition and the initial one. The largest 
correction, corresponding to replacement of 140 mM KAc with 
135 mM NaAc and 5 mM KCI, was about 4 inV. In these calcula- 
tions, as well as in the equations of the model, activities were 
used instead of concentrations (except for Mg :+). The single-ion 
activity coefficients were calculated from tabulated activity co- 
efficients of the electrolytes, using the theory of Debye and 
Huckel. In mixtures of electrolytes, the mean activity coefficient 
was taken to be the weighted average of those of the individual 
electrolytes. 

The single-channel conductance was studied with excised 
patches, both in the inside-out and in the outside-out configura- 
tion, as well as with on-cell patches. The method for preparing 
electrodes was similar to that described by Hamill et al. (1981). 
The pipettes were drawn using a vertical puller (Kopf Instru- 
ments), then coated with Sylgard | and fire polished. When filled 
with 140 mM KC1 (or KAc), adequate electrodes would have a 
resistance in the order of 5 to 10 MIL According to standard 
methods, seals were formed by applying negative pressure. Once 
the seal formed on a cell, excised inside-out patches were ob- 
tained by withdrawing the pipette, while outside-out patches re- 
quired, before pipette withdrawal, transition from the on-cell to 
the whole-cell configuration. 

Single-channel currents, filtered at 1 or 2 kHz with a 6-pole 
Bessel filter, were recorded with an EPC 7 List amplifier. The 
data were stored on a videocassette recorder after digitalization 
using an audio processor (Bezanilla, 1985). To determine cur- 
rent-voltage relationships, steady voltages were applied to the 
patch pipettes for a few (5 to 10) sec. In the text and in the 
Figures, the sign of the potentials is that of the potential differ- 
ences between the intracellular side of the patch and the extra- 
cellular one. Currents are considered positive when flowing in 
the outward direction. 

DATA ANALYSIS 

For analysis, the single-channel current fluctuations were played 
back either on a strip-chart recorder, or, alternatively, were 
loaded onto an IBM computer via a double-memory buffer inter- 
face which allows transfer of data points in a continuous mode on 
a Winchester type drive. When the current steps had long open- 
ing times and uniform sizes, their average amplitudes were mea- 
sured by hand from play-backs on the strip-chart recorder or an 
oscilloscope. Alternatively, they were calculated from com- 
puter-built amplitude histograms. Most of the data represented in 
each figure refer to series of experiments performed on the same 
patch. Error bars, indicating the variability of the current, were 
added when the measurement was repeated several times in the 
same conditions with different patches. However, all the experi- 
ments have been carried out more than once. 

The theoretical fits were carried out by computer, using a 
standard "least-squares" minimization routine for nonlinear 
functions. 

Results 

SOLUTIONS 

All the solutions were buffered to pH 7.2, using HEPES (10 mM). 
The ion composition in the bath solutions and in the electrodes 
will be specified in the Figure legends. Generally, the pipettes 
contained either 140 mM KC1 or 135 mM KAc + 5 mM KC1.2 mM 
CaC12 was also present in the pipette in experiments with excised 
inside-out patches. Potassium acetate was used in certain stud- 
ies, due to the occasional appearance, in the presence of high 
concentration of C1- ions, of a large channel that was activated 
by hyperpolarizing the patch. When acetate was the main anion 
in the pipette, 5 mM KC1 was also added in order to stabilize the 
potential between the metal electrode (Ag-AgC1) and the solution 
in the pipette. In the solutions bathing the intracellular side of the 
patch, no Ca 2§ was added expressly, and 0.3 mM EGTA was 
used in some experiments. The reference electrode consisted of 
an agar solution of 140 mM KC1. Before forming the patch, the 
potential was adjusted to nullify the pipette current when the 
solutions in the pipette and in the bath had similar ionic composi- 
tion (except for the 2 mM Ca 2+, which was present only exter- 
nally). In this condition, the potential adjustment compensates 
for the sum of the two metal-fiquid junction potentials and of the 
liquid-junction potential between the agar and the bath solution. 
The latter was calculated using the Henderson equation and as- 

CELL-ATTACHED AND OUTSIDE-OUT PATCHES. 

EFFECTS OF K + AND EXTERNAL Na + 

Openings of glucose-sensitive K channels are seen 
frequently in cell-attached patches of B-cell mem- 
branes. Figure 1 shows recordings of one such cur- 
rent, as well as the corresponding I -V relationship. 
Although the K + levels on both sides of the channel 
were presumably similar, since the pipette con- 
tained 140 mM KC1, the current was asymmetrical 
around the reversal potential: it was nearly linear 
with voltage when it flowed into the cell, but satu- 
rated in the outward direction. This type of behav- 
ior may arise from asymmetries in the energy profile 
of the ionic pathway, but may also be due to block- 
ing by poorly permeant intracellular ions. Accord- 
ing to recent reports, the latter hypothesis applies 
probably to the "inward rectifier" in cardiac cells, 
as well as to the ATP-channel both in cardiac and 
pancreatic B-cells, where blocking by intracellular 
Mg 2+ appears to be the main cause for saturation of 
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Fig. 1. (A) I-V relationship for the ATP-channel in a cell-attached patch with 140 mM KC1 in the pipette. The bath solution contained 
(raM): 135 NaCI, 5 KC1, 2,5 CaC12, 1.1 MgClz, 5 HEPES (pH 7.2). The patch potential was estimated assuming an intracellular K + 
concentration of 140 mM and correcting for junction potentials as described in Materials and Methods. The line through the data points 
was drawn by hand. (B) Single-channel current steps, corresponding to the experiment in (A), at different patch potentials. Downward 
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Fig. 2. I-V relationships for an ATP channel 
in an excised outside-out patch with different 
Na+-K + mixtures in the bath; [Na § + [K +] = 
140 mM. Starting from the top, [K § was 
(mM): 5, 33, 59, 86, 114, 140. Acetate instead 
of CI- was used for the reasons stated in 
Materials and Methods. [CaC12], [MgC12] and 
pH in the bath were as in Fig. 1. The 
electrode contained 140 m N K  + (135 mg  KAc 
+ 5 mM KC1). The error bars give the 
maximum deviation from the average seen in 
nine experiments for [K +] = 140 mM and five 
for [K +] = 5 mM. The inset gives a plot of the 
conductance (estimated from the current at 40 
mV away from equilibrium) against the K + 
activity for patches between symmetrical 
solutions. The continuous curves are fits to 
the data with a three-barrier model (see Fig. 
6). The fitting parameters are described in the 
text and listed in the Table 

the outward current  (Findlay, 1987; Horie et al., 
1987; Matsuda, Saigusa & Irisawa, 1987; Vander- 
berg, 1987). In order  to study the properties of the 
ATP-sensit ive channel in conditions of known ion 
composit ion,  experiments  were performed with ex- 
cised patches. Figure 2 shows six I-V relationships, 
all obtained from one patch in the outside-out con- 
figuration. Each set of  aligned points corresponds to 
a different mixture of  K + and Na + in the bath (solu- 
tion external to the cell), with the sum of  the con- 
centrations constant  and equal to 140 raM. K § in the 
pipette was 140 mM (135 mM KAc + 5 mM KC1). 

When the bath contained 5 mM K + and 135 mM 
Na +, the zero-current  potential across the patch 
was about - 6 5  inV. Different patches in similar 
conditions gave values in the range between -63  
and - 7 0  mV. Similar reversal potentials were ob- 
tained when sulfate or CI- were used instead of 
acetate,  whereas more negative ones ( - 7 5  mV) 
were found when Na § was replaced by choline, sug- 
gesting that the deviations from Nernstian behavior 
for K + in Fig. 2 are probably due to a significant 
permeability of  the channel to Na +. Using the con- 
stant-field equation, the permeability ratio, PNJPK, 
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was found to be about 0.025 at low external K +, but 
increased as the reversal potential became less neg- 
ative. Somewhat  smaller values (0.015) have been 
found for similar channels in cardiac and skeletal 
muscle (Kakei et al., 1985; Spruce et al., 1987). Sin- 
gle-channel currents were also measured in condi- 
tions in which the K + concentrat ion was increased 
symmetrically on both sides of the membrane. As 
shown in the inset to Fig. 2, where each point corre- 
sponds to a different patch (since the solution had to 
be changed also in the pipette), the conductance 
increased with the activity of potassium, bending 
toward saturation. In these experiments,  the con- 
ductance was estimated applying 40 mV to the 
patch in either direction. All the data in Fig. 2 could 
be accounted for by a one-ion, three-barrier model 
based on Erying rate reaction theory,  even by using 
the simplifying assumption that the peaks and the 
wells of the free energy profile are spaced uniformly 
(see Fig. 6). This simplification has been used for all 
monovalent  cations, but not for Mg 2+. A similar 
model has also been proposed by Spruce et al. 
(1987) for the ATP-sensitive channel in skeletal 
muscle. The fit to our data, using Eq. (A5), is shown 
by the continuous lines in Fig. 2. Four  independent 
parameters were determined for K+: the dissocia- 
tion constants of the two sites, 850 and 290 mM, and 
the two rate constants for moving out of the chan- 
nel, 4.6 x 107 sec -I and 3.3 • 108 sec -I. (The corre- 
sponding values for the two latter constants in the 
Table are divided by the Avogadr_o number.) The 
site that binds K+ more strongly (KK = 290 mM) is 
the one close to the internal solution, and the lower 
rate constant is that for moving out of that site into 
the internal solution. Consistent with these data, 
the Gmax and the half-maximal K + activity in the 
conductance-vs.-activity plot (inset to Fig. 2) are 
160 pS and 216 mM, respectively. The fit also de- 
manded that the peak of the central barrier, as seen 
from the two sites, be much lower than those of the 
lateral barriers (see Fig. 6). Consequently,  moving 
across the middle barrier is not rate limiting, imply- 
ing that the rate constants for that step cannot be 
accurately determined. In this respect,  our model is 
closer to that for the K + channel of the sarcoplas- 
mic reticulum (Coronado, Rosenberg & Miller, 
1980) than to the model for the ATP-sensitive chan- 
nel in muscle proposed by Spruce et al. (1987). 

EFFECTS OF INTERNAL N a  + AND M g  2+ 

Excised inside-out patches have been used to test 
the effects of Na + and Mg 2§ in the solutions bathing 
the intracellular side of the channel. With 140 mM 
potassium on both sides of  the patch, and in the 
absence of either Na + or Mg 2+, the I -V relationship 
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Fig. 3. Effects of internal Na +. For excised inside-out patches 
with 140 mM K" in the pipette and 140 mM K + + x mM Na + in the 
bath, the ratios of the single-channel currents in the absence of 
Na + to those in the presence of Na + are plotted as a function of 
the x mM Na + in the bath. The three sets of points, all obtained 
with the same patch, correspond to three different membrane 
potentials (mV): (starting from the bottom), 30, 40, 60. The fit 
indicated a binding site with KN~, 46 mM 

was similar to that shown by the curve at the bottom 
in Fig. 2, which was obtained from an experiment 
with an outside-out patch. The weak rectification 
exhibited in this case (in conditions of symmetrical 
K § and with no other permeant  ion present) is con- 
sistent with the values of the parameters estimated 
from the data in Fig. 2, and can be expected intui- 
tively if one considers the asymmetry in the energy 
profile that they imply. However ,  when Na + was 
added to the bath (intracellular medium in this con- 
figuration of the patch), the outward current de- 
creased, the strength of the effect depending both 
on the Na + level and the membrane voltage. The 
three sets of aligned points in Fig. 3, corresponding 
to three different membrane potentials, are ratios of 
currents in pure K + to those in mixtures with Na + in 
the bath, as a function of  the Na § concentrat ion in 
the bath. The data, all obtained from one patch, 
show that both depolarization of the patch and in- 
crease of internal Na § enhance the block of the out- 
ward current.  The continuous curves represent a fit 
to the data with the following expression, obtained 
from Eq. (A6) in the Appendix: 

I(Na) 

(e26131K~a) + (e~/3/K~a) ,, 

- 1 + i ~ e~/3-QK---~K aN.. (1) 

c~N~ is the activity of sodium, K N~ is the dissociation 
constant of the Na+-binding site close to the exter- 
nal solution and K Na that of the site close to the 
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Table.  Fitting values of  rate and equilibrium cons tan ts  for per- 
manen t  and blocking ions in the ATP channel  of  R INm5F  cells ~ 

K + Na + Mg 2+ 

'(liter/sec) x l016 6.57 0.162 - -  
~"(liter/sec) x 1016 2.67 >>b-' - -  
~- '(mole/sec) x lO I6 0.77 - -  - -  
~-"(mole/sec) x 1016 5.59 (0.92) - -  
K-"(M) - ~-"/~' 0.850 (5.660) - -  
K-~(M ) ~ '/~" 0.290 0.046 0.034 

All the cons tan ts  for K + ( l s t  column),  as well as the rate con- 
stant  for Na § ~-~a, were calculated by fitting the data in Fig. 2 
with Eq. (A5). The remaining parameters ,  deduced from experi- 
ments  with mixtures  of  K + and the other  ions, were es t imated 
retaining the same values of  the cons tan ts  for K +. Although no 
formal mathemat ica l  method  has been used to est imate the errors 
for the parameters ,  the fit became visibly worse when variations 
by 20% or more were imposed on the values listed above,  except  
for those  within paren theses .  The latter, which refer to the 
weakly binding site for Na +, are certainly affected by large er- 
rors, since varying their values by even more  than 100% had little 
effect on the fit. 

internal one. The quantities MK and QK are defined 
in the Appendix [see Eq. (A2)] and contain parame- 
ters pertaining only to K +. Using the values de- 
duced from the data of Fig. 2 for these parameters, 
the fit to the experiments in Fig. 3 gave very differ- 
ent numbers for K ~a and K'ya (see Table). Only the 
site close to the internal medium was found to bind 
significantly: R ' ~  = 46 raM. Note that this value 
denotes a binding strength for sodium almost one 
order of magnitude higher than for potassium. 

Figure 4 illustrates the block of the current by 
internal Mg 2+ with 140 mM K + on both sides of the 
patch. The current ratio (ratio of the current in the 
absence of Mg 2+ to that in the presence of it) is 
plotted here as a function of voltage, with the four 
sets of points referring to different concentrations 
of Mg 2+ in the bath (intracellular solution). All the 
points shown in the Figure were calculated from I-V 
curves obtained with one patch. Qualitatively, the 
effect on the K current is similar to that of Na +, 
although the dependence on membrane potential is 
stronger. For Mg 2+ concentrations of 5 mM and 
higher, the I-V relationship showed clear maxima 
for the outward current, although the zero-current 
potential remained unchanged, indicating that the 
channel is virtually impermeable to this ion. Assum- 
ing that the energy profile for Mg 2+ in the channel 
can be schematized by one site only, accessible 
from the interior but separated from the exterior by 
an infinitely high barrier, the current ratio is found 
to be 

I e 2c~q~/R Mg 
I(Mg) - 1 + 1 + e+/3QK/MK C~g (2) 
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Fig. 4. Effects  of  internal Mg > .  For  excised inside-out patches  
with 1411 mM K ~ in the pipette and 1411 mM K ~ + x mM Mg > in 
the bath (MgSO4), the ratio of  the single-channel current  in the 
absence  of  Mg 2+ to that  in the presence of Mg 2+ in the bath is 
plotted against  membrane  voltage. Starting from the bottom, the 
four sets  of  points  cor respond to the following concentrat ions  
(raM) of Mg2+: 2.2, 5, 10, 20. Modeling the channel  as a one-site 
pore for Mg 2+, the fit to the data with Eq. (2) gave 34 mM for KMg 
and 0.35 for the "e lec t r ica l"  dis tance of  the site from the internal 
solution 

m 

where KMg is the dissociation constant for Mg 2+ and 
is the "electrical" distance of the free-energy 

minimum from the inner mouth of the channel. The 
fit to the data (continuous curves in Fig. 4) gave for 
these quantities: 34 mM and 0.35, respectively. As 
in Eq. (1), the values of the rate constants for K + 
substituted in Eq. (2) were those deduced from the 
data in Fig. 2. 

The experiments in Figs. 3 and 4 show that Na + 
and Mg 2+, when present in the solution bathing the 
cytoplasmic side of the membrane in an excised 
patch, have a blocking effect on the outward cur- 
rent. Considering that for concentrations similar to 
those existing intracellularly both ions block the 
outward current in experiments with excised 
patches, it seems reasonable to propose that the 
same mechanism may account for the rectification 
in intact cells. Figure 5 shows two I-V relationships 
obtained with cell-attached patches: one in normal 
physiological conditions and the other in the pres- 
ence of the metabolism inhibitor, 2,4-DNP (10 -5 M). 
In the latter case, the outward current was reduced 
considerably. As will be discussed later, this effect 
is consistent with the hypothesis suggested above, 
since a depressed metabolism with low ATP pro- 
duction is likely to raise the intracellular concentra- 
tions of both Mg 2+ and Na +. Using the parameters 
deduced from the studies with excised patches, it 
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Fig. 5. Effect of the metabolic inhibitor 2,4-DNP. I-V relation- 
ship for a cell-attached patch in normal conditions (upper curve) 
and in the presence of 10 s M DNP (lower curve). The ionic 
composition was as in Fig. 1. Using the parameters deduced 
from the data in Figs. 2, 3 and 4, an equation that combined the 
blocking effects of Na + and Mg 2+ was used to fit the data by 
searching for the optimal values of the internal concentrations of 
K +, Na + and Mg 2+. In the absence of DNP the values found were 
(mM): 120, 30 and 0.85; in the presence of it: 120, 33 and 9. The 
continuous curves are theoretical fits 

will be actually argued that the transition from one 
I -V  curve to the other in Fig. 5 is consistent with the 
order of magnitude of the changes in the levels of 
Na + and Mg 2+ that can be expected from inhibition 
of the metabolism. 

Discussion 

PERMEATION AND BLOCK 

BY MONOVALENT CATIONS: K + AND Na + 

Using single-channel recording techniques in pan- 
creatic B-cells from the RINm5F line, we have 
shown, both in this and in a previous paper (Ribalet 
& Ciani, 1987), that a metabolically regulated K 
channel which is seen in intact cells can also be 
found in isolated patches. Similar observations 
have been reported for B-cells obtained from pri- 
mary cultures (for an extensive review of the litera- 
ture see Petersen & Findlay, 1987). In Fig. 1, which 
refers to measurements on a cell-attached patch 
with 140 mM K + in the electrode, the K + concentra- 
tions on both sides of the channel were presumably 
similar. In this case, the current-voltage relation- 
ship should be comparable to the one that crosses 
the origin in Fig. 2 (excised outside-out patch). Al- 
though the outward current is lower in the cell-at- 

tached configuration, possibly due to blocking by 
intracellular ions, the inward currents in cell-at- 
tached and excised patches have very similar char- 
acteristics. This finding is important, inasmuch as it 
strongly suggests the identity of these channels and 
gives confidence in the significance of studying 
ionic permeabilities in conditions in which the com- 
position of the solutions can be controlled on both 
sides of the membrane. 

The zero-current potentials for the I-V curves in 
Fig. 2, all of which were obtained using the same 
outside-out patch with different K*-Na § mixtures 
in the bath, indicate that the channel is considerably 
less permeable to Na § than to K*; a result which 
basically agrees with previous data obtained in B- 
cells from neonatal rats (Cook & Hales, 1984), in 
cardiac cells (Kakei et al., 1985), as well as in skele- 
tal muscle (Spruce et al., 1987). However, the per- 
meability ratio, PNa/PK, as deduced from the zero- 
current potential applying the G-H-K equation, 
varies with the ionic conditions; more precisely, it 
increases as the reversal potential becomes less 
negative. Permeability ratios that depend on voltage 
are generally predicted by models for permeation 
based on Erying theory, as is the one in this paper, 
while constant values are expected only under spe- 
cial conditions (Lfiuger, 1973; Hille, 1975; Ciani, 
1976). In our model, which assumes a low central 
energy barrier, the voltage-dependence of the per- 
meability ratio is due to the fact that, for K § the 
ratio of the rate constants for entering the channel 
from the two sides, ~k/Y~, is very different from 
the corresponding ratio for Na +. All the I -V curves 
in Fig. 2 are described using four independent pa- 
rameters for K § (two rate constants for entering the 
channel, v-'K, ~-~: and two for getting out of it,/x- k, 
/~c) and only one for Na + , ~-~a (the rate constant for 
entering the channel from the external solution). 
The reason why only this constant was used for 
Na + in order to fit the data in Fig. 2 [neglecting the 
terms proportional to the Na + activity in the de- 
nominator of the general expression for the current, 
Eq. (A3)] can be justified in terms of the following 
circumstances: (a) the assumption, suggested by the 
strong asymmetry of the blocking effect, that Na + 
enters the channel much more easily from the intra- 
cellular solution than from the external one, namely 
~-~a/~-~a ~ 1; (b) the fact that in the experiments of 
Fig. 2 Na § was present only in the external solu- 
tion. However, as it can easily be shown by an anal- 
ysis of the equations of the model, a similar approx- 
imation is not valid when Na + is present inside. In 
this case, the term proportional to the activity of 
internal Na § in the denominator of Eq. (A3) must be 
considered. The fit to the results in Fig. 3 with Eq. 
(1) [which is deduced from Eq. (A6)] requires that 
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the site that binds Na + most strongly (KNa = 46 mM) 
be the one closest to the internal solution. The dis- 
sociation constant of the other site is found to be 
much larger (5.6 M), but is a poorly defined parame- 
ter since large variations of its values have little 
effect on the fit. A model with only one site for Na + 
would have fitted the data in Fig. 3 equally well. 
However, for consistency it was preferred to use a 
model with two sites for monovalent cations, since 
two sites instead of one only give a much better 
description of the I-V curves for K + in the un- 
blocked channel (e.g. in Fig. 2). 

EFFECTS OF INTERNAL MAGNESIUM 

Mg 2§ when present in the intracellular medium, 
blocks the single-channel K + current in a voltage- 
dependent manner without, however, altering the 
zero-current potential. Similar effects have been 
very recently reported for ATP-sensitive channels 
in cardiac cells (Horie et al., 1987) as well as in B- 
cells (Findlay, 1987). A quantitative description of 
the results was carried out, adopting a simple model 
whereby the block of the current would be due to 
binding of Mg '-§ by a site located in the ionic path- 
way. The fit to the data with Eq. (2) gave a dissocia- 
tion constant of about 34 mM and an "electrical 
distance" of 0.35, thus suggesting the presence of a 
site at about one-third of the channel length away 
from the inner mouth; virtually the same position as 
that of the strongly binding site for both Na + and 
K +. The binding strength is somehow larger than for 
Na +, and one order of magnitude greater than for 
K +. The stronger voltage-dependence of blocking 
by Mg 2+ as compared to Na + is plausibly due to its 
higher charge. It should be noted, however, that the 
effect of Mg 2+ on this channel is weaker than in the 
case of the inward rectifier in cardiac cells, where 
submillimolar concentrations are sufficient to sup- 
press the outward current (Matsuda et al., 1987; 
Vanderberg, 1987). 

EFFECTS 
OF THE METABOLISM INHIBITOR, 2,4-DNP 
AND OF OUABAIN IN CELL-ATTACHED PATCHES 

Figure 5 shows that addition of DNP (10 -5 M) de- 
creases significantly the outward current in cell-at- 
tached patches. Using the values for the various 
constants as determined from experiments with ex- 
cised patches (see the Table), and searching for the 
concentrations of Na + and Mg 2+ that optimized the 
fit to the data, the values calculated by computer 
were: (m~) 30 and 0.9 in the absence of the inhibi- 
tor, 33.5 and 9 in the presence of it. The theoretical 

fits for these values are shown by the continuous 
curves in Fig. 5. Although the ion composition of 
the RINm5F cells was not measured independently, 
the estimated levels for both Mg 2+ and Na + in phys- 
iological conditions (absence of the inhibitor) are in 
good agreement with values determined previously 
for ceils from various different tissues (Veloso et 
al., 1973; Saith, Bicknell & Schofield, 1984; Ng, 
Evans & Burke, 1987). From the values of the dis- 
sociation constants for Na + and Mg 2+ (46.2 and 34 
raM), one can see that in physiologically normal 
conditions, with an intracellular Mg 2+ concentra- 
tion close to 1 raM, most of the blocking of the 
outward current is due to Na +. By contrast, the 
enhancement of such block upon addition of the 
inhibitor is interpreted (by the computer-based fit- 
ting routine) as being mainly due to increase in 
Mg 2+. The hypothesis that the Mg 2+ level increases 
when metabolism inhibitors are added is supported 
by direct measurements with Mg2+-sensitive dyes 
(Scarpa, 1974; DiPolo et al., 1976). Also the esti- 
mated value (9 mM) in the presence of DNP is not 
unreasonably high if one considers that: (a) the in- 
crease in free Mg 2+ may primarily originate from 
dissociation of the Mg2+-ATP complex, and (b) that 
comparably high ATP concentrations (9 mM) have 
been reported in pancreatic B-cells (Ashcroft, 
Ashcroft & Harrison, 1985). Given the strong bind- 
ing constant of the Mg2+-ATP complex (11,500 
M-l), as well as the fact that in the presence of 
metabolic inhibitors the total ATP level is known to 
drop by 80% of its original value (Ashcroft, Weera- 
singhe & Randall, 1973; Malaisse et al., 1979), high 
levels of Mg 2+ in these conditions are to be ex- 
pected. However, even if one accepts the 9 mM 
estimate of Ashcroft et al. (1985) for the intracellu- 
lar concentration of ATP, Mg 2+ buffers other than 
ATP, such as ADP or proteins from the endoplas- 
mic reticulum and the Golgi complex (Clemente & 
Meldolesi, 1975; Phillips & Allison, 1977) will pre- 
sumably bind some of the Mg 2+ released by ATP, 
resulting in a concentration of free Mg 2+ somewhat 
lower than 9 mM. A lower level of Mg 2+ would not 
necessarily invalidate our model, since a good de- 
scription of the data could still be obtained by mod- 
erately raising the level of Na +. For example, a fit 
hardly distinguishable from that shown in Fig. 5 was 
found when Mg 2+ was lowered from 9 to 6 mM and 
Na + raised from 33 to 41 mM. The latter value, 
which corresponds to a substantial increase in the 
level of Na +, would be actually more consistent 
with the expectations, since the drop of ATP caused 
by DNP should inhibit the Na-K pump (Caldwell, 
1960) and cause accumulation of Na +. However, 
some uncertainty in the choice of the optimal values 
for the concentrations of Na + and Mg 2+ is under- 
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standable, if one observes: (a) that the quantities 
that determine the efficacy of the block are the ra- 
tios of the ion concentrations to their respective 
dissociation constants, each multiplied by an expo- 
nential (larger for Mg 2+ than for Na + when the po- 
tential is positive); and (b), that these quantities 
have similar values for the two ions in the range of 
the concentrations and potentials considered. 

In view of these difficulties with the interpreta- 
tion of experiments where the concentrations of 
Na + and M g  2+ vary simultaneously, it seemed inter- 
esting to test the effects of ouabain. Ouabain is 
known to specifically inhibit the Na-K pump with- 
out varying the level of ATP, and it is thus reason- 
able to expect that it will induce a change in Na + 
without substantially altering the level of M g  2+ 

(Baker, 1976). Addition of 10 -4 M ouabain caused, 
within 15 to 20 rain, a clear reduction of the outward 
current, although the effect was less pronounced 
than with DNP. Fixing the concentration of Mg 2+ to 
0.9 mM (the value deduced from the data in Fig. 5 in 
the absence of DNP), the fit to the current in the 
presence of ouabain estimated a Na + concentration 
of 41 mM; namely an increase of 11 mM with respect 
to the normal level. Although the danger of serious 
oversimplifications is present in this type of consid- 
eration based on indirect evidence, the value ob- 
tained is within plausible limits, since it is known 
that in different tissues similar concentrations of 
ouabain induce accumulation of Na + up to levels 
much higher than normal (Aikin, 1987). Even 
though the biological role of this block of the ATP 
channel by Na + and Mg 2+ is not clear, it is tempting 
to speculate that it may serve as a safeguard mecha- 
nism to prevent rapid depletion of K + from cells 
with depressed metabolism. 
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Appendix 

A MODEL BASED ON EYRING THEORY FOR THE 

ATP-SENSlTIVE PORE. SINGLE-ION OCCUPANCY 

A) Two Species o f  Permeant Univalent Cations: 
K + and Na + 

A three-barrier model, similar to that drawn in Fig. 6, has been 
used to describe the ion fluxes across the ATP-sensitive channel 
in B-cells. The rate constants are denoted by v', X' and /x' for 
movement in the inward direction and by d', )t" and/x" for that in 
the outward one. When applied to activities or concentrations, 
the superscripts ' and" refer to those on the extracellular and the 
intracellular side of the membrane, respectively. According to 
the formalism of the theory, the rate constants are exponential 
functions of the voltage. For example, 

u' = ~7'e -#4 (A1) 

where ~-' is independent of voltage, + is the potential difference 
(in units of  RT/F)  across the whole channel, and/~ is the "electri- 
cal" distance between the site where the ion is located [the exter- 
nal mouth of the channel in the case of Eq. (A1)] and the top of 
the barrier it must cross. On account of the approximate linearity 
of the I-V curves when the channel is interposed between similar 
K + concentrations and when no blocking ion is present, the two 
following assumptions seemed justifiable, and were thus made in 
order to reduce the number of free parameters: 

1) The energy wells (sites) are spaced uniformly, and the 
peaks are in the middle between consecutive sites. Thus, the 
"electrical" distance in the rate constants are all equal to {. 

2) The peak of the central barrier, as viewed from either of 
the two internal sites, is much lower than those for leaving the 
channel. In terms of rate constants, ~ ~ X. The second assump- 
tion is actually required to fit the data for the K + current in the 
absence of blocking, but has been postulated to hold true for Na + 
as well. Defining for brevity 

M i  = 1 + - -  e zc~n ; Ni = 1 + e ey3 ; 
~' xl 

Qi=  N,. (F~ a~e-e'/3+ t*~v-" a ; ' ) ( i =  K + or Na +) (A2) 

and using microscopic reversibility (F'~'~-' = Y";"~-"), the single- 
channel current carried by K + and Na + can be expressed in the 
form 

MK 
v~:(a~<e -~'2 - a~:e +a) + ~ ~ ( a ~ e  | _ a ~ e , a )  

I = - F  
MK 

MKe 4,/3 + QK + ~ QN~ 

(A3) 
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Fig. 6. Two-site, three-barrier model for permeation of monova- 
lent cations through the ATP channel. It is assumed that the 
barriers and sites for monovalent cations are evenly spaced and 
that the barrier in the middle is low. For Mg >,  only one site is 
postulated, accessible from the internal solution, but separated 
from the external one by an infinitely high barrier 
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All the data with monovalent cations have been fitted using spe- 
cial cases of Eq. (A3) 

Experiments with excised patches show that Na § blocks 
the current from the inside, but not from the outside. From the 
denominator of Eq. (A3) and recalling the definition of Q in Eq. 
(A2), with i = Na, one sees that this finding suggests 

~ ,~ ~ (A4) 

and consequently Mya = 1 [see definition of MNa in Eq. (A2)]. As 
a consequence of condition (A4), and from considerations on 
Eqs. (A3) and (A2), it can be shown that the term proportional to 
the activity of external Na +, aha, in the denominator of Eq. (A3) 
can be neglected altogether. Thus, when sodium is present only 
outside, Eq. (A3) reduces to 

1 = - F  vE(a~e ol2 _ a~e6/2) + MKY~aa~ae-d~12 
MK e-6/3 + QK (AS) 

Eq. (A3) is sufficiently small that it can be neglected. After slight 
rearrangements in the denominator, one finds 

4) 
2~[<aK sinh 2 

/ - F (A6) 
MKe 6/3 + QK + MK[(e'I'/~/K'N~O + l/K~]a'~," 

Equation (1) in the Results section is the reciprocal of the ratio of 
Eq. (A6) to the corresponding one for zero Na + activity. 

B )  B l o c k i n g  b y  M g  2+ 

Postulating the presence of a single blocking site for magnesium 
in the channel located at an "electrical distance," c~, from the 
internal solution, the current, in symmetrical K + and with Mg 2+ 
present only inside, is 

Equation (A5) has been used to fit the data in Fig. 2. It contains 
five independent parameters: for example, ~k, ~ ,  ~k ,  F~:, and 

In the experiments of Fig. 3, where Na + was present only 
inside, K + was 140 mM on both sides. Considering that ff~, ~ Bk, 
the term proportional to the sodium activity in the numerator of 

2u-~.a K sinh ~ 2 
I = F ( A 7 )  

MKe +13 + QK + MKe2'~4'C'~,J-KMf 

Equation (2) in the Results section is the reciprocal of the ratio of 
Eq. (A7) to the corresponding one for zero magnesium. 


